Abstract. Transfer of melanin-containing melanosomes from melanocytes to neighboring keratinocytes results in skin pigmentation. To provide a more practical method of visualizing melanosomes in melanocytes as well as in keratinocytes, we attempted to use murine cell lines instead of human primary cells. We generated various fluorescent fusion proteins of tyrosinase, a melanin synthesis enzyme located in the melanosome, by using green fluorescent protein and red fluorescent protein. The intracellular localization of tyrosinase was then examined by fluorescence and confocal microscopy. Co-culture of murine melanocytes and keratinocytes was optimized and melanosome transfer was either stimulated with ·MSH or partially inhibited by niacinamide. To the best of our knowledge, this is the first study showing that a murine co-culture model, in addition to human primary cell co-culture, can be a good tool for depigmenting agent screening by monitoring melanosome transfer.
Introduction
Hyperpigmentation disorders, such as melasma, postinflammatory hyperpigmentation and lentigo senilis (LS), are associated with abnormal accumulation of melanin pigments, which can be improved by skin lightening reagents (1) . Furthermore, Asian women prefer lighter skin color and there is a great demand to develop safer and more effective skin whitening agents (2) . Although much effort has been made to develop novel therapeutic agents against pigmentation abnomalities, safer, more effective and less irritating lightening agents are still required.
To date, research on the regulation of melanogenesis has focused on factors that can inhibit tyrosinase activity and decrease total melanin content (3) . Considerable knowledge of basic pigment distribution and regulation processes has been accumulated to date and should be applicable to the discovery of new targets for developing depigmenting agents.
As the present screening methods for depigmenting agents are time-consuming, rapid high-throughput screening (HTS) is required for depigmenting agent screening. Furthermore, HTS of diversified chemical libraries provide a major means for identification of lead candidates for drug or cosmetic ingredient development (4) .
Visible pigmentation in mammals requires the transfer of melanin granules from melanocytes to keratinocytes. For this intercellular transfer to be effective, melanosomes must first accumulate at the distal end of the melanocyte dendrites using cooperative transport mechanisms (5) . These include long range bidirectional, microtubule-dependent melanosome movements along the dendrite length before coupling to myosin Va-dependent capture machinery within the distal actin-rich regions of the dendrite (6) . Myosin Va is recruited onto the melanosome surface by a receptor complex containing Rab27a and melanophilin in a Guanosine triphosphate (GTP)-dependent fashion (7) (8) (9) . The absence of any one of these three proteins collapses the myosin Va-dependent capture of melanosomes in the periphery, causing instead their accumulation in the perikaryon of the cell.
Although melanosome transfer is an important step in pigmentation, there are few studies regarding agents used to manipulate melanosome transfer, which address the absence of an adequate in vitro screening system to measure melanosome transfer. Particularly, there is no murine in vitro screening system to measure melanosome transfer, whereas there have been many attempts to study melanosome transfer in human melanocytes and keratinocytes (10) .
Therefore, this study aimed to establish a murine coculture model to screen depigmenting agents which inhibit Cell culture. Murine cells used included pigmented Melan-A melanocytes (11) and SP-1 keratinocytes. Melan-A cells were maintained in RPMI-1640 medium supplemented with 5% fetal bovine serum (FBS), 50 U/ml penicillin, 50 μg/ml streptomycin, L-glutamine 0.08% w/v sodium bicarbonate, 200 nM phorbol-12-myristate-13 acetate and 100 mM 2-mercaptoethanol. SP-1 keratinocytes were grown in SMEM containing 0.05 mM Ca 2+ , 8% Chelex treated heat inactivated FBS, 5 U/ml penicillin and 5 μg/ml streptomycin. Co-culture experiments were set up according to Lei et al with an initial seeding ratio of keratinocytes and melanocytes of 5:1 in SP-1 medium (12).
GFP constructs. pGFPC3, pGFPN3 and pRFPC3 vectors were used to generate tyrosinase GFP or RFP fusion proteins which were constructed by modifying pEGFP-N1, pEGFP-C3 and pDsRed1-N1 (Clontech) vectors respectively. Vectors were generated by ligating the annealed synthetic oligonucleotides (Table I) into appropriated vector after digestion with HindIII and BamH1 and confirmed by sequencing. Human tyrosinase cDNA was the generous gift from Dr Ruth Halaban (Yale University School of Medicine). Full length open reading frame of human tyrosinase containing EcoRI cloning sites was synthesized by PCR. pGFPC3-Tyr-WT, pGFPN3-Tyr-WT and pRFPC3-Tyr-WT expression plasmids were constructed by sub-cloning the EcoRI fragment of the full length open reading frame of the human tyrosinase into pGFPC3, pGFPN3 and pRFPC3 expression vectors respectively. All expression plasmids were verified by sequencing.
Transient transfection of melanocytes. Melan-A cells were seeded in 6-well dishes at a density of 500,000 cells/well 24 h prior to transfection and were transfected with Lipofectin according to the manufacturer's instructions (Invitrogen). To stimulate maturation of GFP-TYR constructs, ·MSH (500 nM) was added 5 h after transfection.
Immunofluorescence staining. Melan-A cells were stained as described previously (13) . Briefly, cells were transfected with TYR-GFP and fixed with 4% paraformaldehyde for 15 min at 4˚C. After blocking for 1 h at room temperature (RT), the cells were incubated with anti-cytokeratin antibody (mouse monoclonal) for 2 h at RT. The cells were then labeled with PE anti-mouse (Zymed) for 1 h at RT. Next, cells were counterstained with DAPI and mounted. Fluorescence signals were classified into three categories, according to whether they showed green, red, or yellow fluorescence. The latter was indicative of co-localization of the red and green fluorescence signals. Images were obtained using the LSM 510 confocal microscope (Zeiss, Wetzlar, Germany).
CFDA staining. Melanocytes were stained with CFDA (Molecular Probes, Eugene, OR, USA) for 30 min at 37˚C, washed twice with PBS and seeded with keratinocytes as detailed before. Medium was changed after 24 h and testing compound, such as Niacinamide, was added. Co-cultures were trypsinized after three more days, washed once with PBS and stained with PE-anti cytokeratin antibody as detailed above. Additionally, cells were stained with the method described by Minwalla et al (10) . Briefly, cells were pre-fixed in 4% paraformaldehyde (PFA), permeabilized by FACS permeabilizing solution (Becton-Dickinson, San Jose, CA, USA), incubated with primary monoclonal mouse anticytokeratin (Zymed Laboratories, San Francisco, CA, USA) at 1:300 in PBS containing 10% human serum and 0.4% FBS for 45 min at RT, followed by incubation with secondary goat anti-mouse IgG antibody conjugated to phycoerythrin (PE) at a ratio of 1:20 dilution for 30 min at 37˚C and post-fixation with 1% PFA.
Results

Generation of fluorescent protein fusion tyrosinase constructs.
Fluorescent proteins are extensively used to visualize cellular localization and translocation of proteins. To visualize tyrosinase, we generated green fluorescent protein (GFP) and red fluorescent protein (RFP) fusion tyrosinase constructs in melanocytes or transferred melanosomes in keratynocytes. Tyrosinase is a key enzyme of melanin synthesis in melanosomes. The expression plasmids pGFPC3-hTYR-WT, pGFPN3-hTYR-WT and pRFPC3-hTYR-WT were generated by subcloning human tyrosinase cDNA into pGFPC3, pGFPN3 and pRFPC3 constructs, respectively. pGFPC3-hTYR-WT and pRFPC3-hTYR-WT plasmids encoded C-terminal GFP and RFP fusion tyrosinase proteins, respectively, while pGFPN3-hTYR-WT plasmid encoded N-terminal GFP fusion tyrosinase protein (Fig. 1A) . Melan-A cells were transfected with the expression plasmids and expression of GFP or RFP fusion tyrosinase was observed by fluorescence microscopy. Cells overexpressing tyrosinase proteins did not show any morphological change (Fig. 1B) . However, pGFPC3-hTYR-WT, pGFPN3-hTYR-WT and pRFPC3-hTYR-WT plasmids were expressed equally and pGFPC3-hTYR-WT exhibited brighter fluorescence in Melan-A cells (Fig. 1C) .
Fluorescent labeling of melanosomes. Yoon and Hearing have reported establishing a model culture system which uses immortalized murine cell lines for studies of pigmentation (14) . To establish a melanosome transfer assay in murine co-culture model, we initially labeled melanocytes, Melan-A cells with a succinimidyl ester of carboxy-fluorescein diacetate (CFDA) and co-cultured with keratinocytes SP-1. These co-cultures were assessed by fluorescence microscopy for CFDA-labeled melanosome transfer in the absence (Fig. 2A) or presence (Fig. 2B ) of niacinamide after 5 days. The niacinamide-treated co-culture system exhibited less CFDA-positive keratinocytes which suggests that niacinamide partially inhibited melanosome transfer from melanocytes to keratinocytes.
Tracking melanosome transfer using tyrosinase-GFP construct. To visualize melanosome transfer in Melan-A and the SP1 co-culture system, we used C-terminal GFP fusion tyrosinase constructs as a melanosome marker and cytokeratinspecific antibody as a keratynocyte marker. After transient transfection of pGFPC3-hTYR-WT into Melan-A cells, SP-1 cells were added. Cells were grown in the presence of 500 nM ·MSH or 10 μM niacinamide. Cells were fixed and SP-1 cells were labeled by anti-cytokeratin antibody followed by PEconjugated secondary antibody incubation. Cells were then placed under confocal microscopy. In ·MSH-stimulated co-culture system, keratynocytes were highly populated with melanosomes (Fig. 3A) , while niacinamide-treated cells contained less melanosomes (Fig. 3C ). For quantification, we counted GFP-labeled melanosomes in PE-positive kerationcytes. As shown in Fig. 3D , ·MSH stimulated melanosome transfer, while niacinamide itself inhibited melanosome transfer to the keratinocytes, which is consistent with previous studies (15) . This result suggests that our assay system can be applied to screen the inhibitors of melanosome transfer for depigmenting agents.
Discussion
There is a need to develop screening tools for depigmenting agents. To establish a co-culture system of murine melanocytes and keratinocytes, we labeled Melan-A cells with GFP and conducted co-culturing with keratinocytes.
Our in vitro model system involving co-cultures allowed us to investigate the interactions between melanocytes and keratinocytes. Niacinamide added to the system was shown to effectively inhibit melanosome transfer by confocal Table I . List of synthetic oligonucleotides. --------------------------------------------------------------------------------------------------- microscopy. Our investigations using confocal microscopy demonstrated that melanosomes are transferred from melanocytes to keratinocytes in our model system. We successfully labeled Melan-A cells with a fluorochrome, CFDA, prior to co-culturing them with SP-1 cells. Our investigations using scanning laser confocal microscopy demonstrate that the fluorescent-labeled melanocytes transferred fluorochrome to surrounding keratinocytes within a 5-day period. We quantified this transfer by counting the GFP-positive spots in adjacent keratinocytes and then subsequently quantified the effectiveness of exogenously added niacinamide which inhibited the transfer of the fluorochrome to keratinocytes.
Recently, Singh et al have developed a novel in vitro assay that exploits the specificity of Silv/Pmel17/gp100 expression for melanosome/melanin granules (15) . To measure the melanosome transfer quantitatively, they used double immunolabelling with anti-gp100 antibody (green) and anticytokeratin antibody (red) instead of GFP transfection (green) and anti-cytokeratin antibody followed PE staining (red) employed in our system. Using CFDA and the PE-system another group showed that 10 μM niacinamide was able to inhibit 21 to 32% of melanosome transfer (16) while we observed similar inhibition using GFP and PE system. These results suggest that our system is suitable for the quantification of melanosome transfer.
To evaluate this murine co-culture model as an HTS tool for depigmenting agents, we determined whether a known melanosome transfer inhibitor, niacinamide, inhibited melanosome transfer in our system. In conclusion, we report that murine co-culture model is an HTS tool for screening depigmenting agents. 
